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A monolithic diode pumped solid-state laser (11) comprising 
as the laser host neodymium-doped yttrium orthovanadate 
(Nd:YVO4) (12. 52) or neodymium-doped gadolinium 
orthovanadate (Nd:GdVO4) (57. 67) operating on the 4F3, 
2—a“I9,2 (~914 nm or ~912 nm respectively) transition. to 
which a suitable nonlinear optic material (16). such as 
potassium niobate (KNbO3) or beta barium borate (BBO). is 
bonded. The nonlinear crystal gives rise to inu'acavity fre 
quency doubling to ~457 or ~456 nm. The microlaser is a 
composite cavity formed from a gain medium crystal and a 
nonlinear frequency doubling material which together have 
four spaced parallel dielectrically coated faces (14. 17. 18. 
15) and which is positioned in close proximity to a diode 
laser pump source (13) for phase-matched harmonic gen 
eration of blue light along an axis of propagation which lies 
substantially perpendicular to the two faces of the composite 
cavity. By employing speci?c doping concentration-lengths 
products of lasant material and pumping the gain medium 
which has a speci?c crystalline orientation the desired 
cl?cient blue microlaser is achieved. Alternative embodi 
ments combine the Nd:YVO4 and NdzGdVO4 elements to 
enhance certain output characteristics of the laser. 
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DEEP BLUE MICROLASER 

CROSS REFERENCE TO RELATED 
APPLICATION 

This is a continuation of application Ser. No. 08/295006 
?led on 23 Aug. 1994. now U.S. Pat. No. 5.574.740 which 
is a continuation-in-part of application Ser. No. 08/ 112.558. 
?led 26 Aug.. 1993 now abandoned. 

BACKGROUND 

1. Field of the Invention 
This invention relates generally to lasers. and more spe 

ci?cally to diode-pumped solid-state blue microlasers which 
employ second harmonic generation. 

2. Discussion of the Related Art 
Many developments have been made concerning the 

generation of harmonic radiation from solid-state laser 
devices. These advances relate both to the e?iciency with 
which such devices operate and to the output wavelengths 
which have been obtained. For applications requiring small 
to-modest levels of optical power. an attractive form of 
solid-state laser has been that of the microlaser. Such a 
device comprises a monolithic or composite resonant cavity 
wherein a diode laser is used to pump a short element of 
solid-state gain medium. the latter being formed by re?ec 
tive surfaces on opposite ends of the cavity. 
The solid-state gain medium consists of a rare-earth ion. 

such as trivalent neodymium (Nd3*). doped into a suitable 
host material. The most well studied gain medium is Nd3+ 
-doped yttrium aluminum garnet (Nd1YAG) which has been 
diode laser-pumped and has been made to lase at either 1342 
run. 1064 nm or 946 nm. 

In Zayhowski. “Microchip Lasers." The Lincoln Labora 
tory Journal, Vol. 3. No. 3. pp. 427-445 (1990). the dem 
onstration of single-frequency microchip lasers which use a 
miniature. monolithic. ?at-?at. solid-state cavity whose lon 
gitudinal mode spacing is greater than the gain bandwidth of 
the gain medium. is reported. These microchip lasers are 
longitudinally pumped with the close-coupled. unfocused 
output of a laser diode to generate near-infrared radiation. 
Mooradian has disclosed in U.S. Pat. No. 4.860.304 a 
microlaser employing a gain medium made from NdzYAG 
having a cavity length that is less than 700 um. 

Nonlinear optical crystals can be used to convert near 
infrared radiation to the visible portion of the spectrum via 
second harmonic generation (SHG) (sometimes termed fre 
quency doubling). This process generates a harmonic wave 
length which is one-half of the fundamental wavelength. 
Since the SHG conversion efficiency is a function of the 
fundamental laser beam intensity. the nonlinear crystal is 
often placed inside the cavity of a low power continuous 
wave laser to bene?t from the high intracavity fundamental 
beam intensity. This technique is well known and is dis 
cussed by Mooradian in U.S. Pat. No. 4.953.166 Where a 
solid-state gain material is bonded to a SHG nonlinear 
crystal. Dielectric re?ective coatings are deposited directly 
to the gain and nonlinear material surfaces to form a 
composite cavity intracavity doubled laser. However. the 
main intent of this reference is to teach con?gurations which 
give rise to single frequency operation by selecting the 
cavity length such that the gain bandwidth is less than or 
substantially equal to the frequency separation of the cavity 
modes. This is not the case with the present disclosure. 
A typical SHG method is intracavity doubling using KTP 

(potassium-titanyl-phosphate. or KTiOPO.) as a nonlinear 
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2 
crystal. Radiation at 532-nm with as much as a few watts of 
power has been obtained in this way with a longitudinally 
oriented. diode laser pumped Nd:YAG laser. Additionally. 4 
mW at 473 nm has been achieved using KNbO3 (potassium 
niobate) as an intracavity SHG crystal in combination with 
Nd:YAG lasing at 946 nm lRisk et al.. Appl. Phys. Lett. 54 
(17). 1625 (1989)]. However. diode laser pumped blue 
green lasers based on intracavity SHG of NdzYAG are 
limited in efficiency and stability due to the unpolan'zed 
emission. and the relatively weak. narrow diode absorption 
features of NdzYAG. The conversion of optical radiation at 
one frequency into optical radiation of another frequency by 
integration with a nonlinear optical material within an 
optical cavity is known. Byer et al.. in U.S. Pat. Nos. 
4.739.507 and 4.731.787. disclose a diode-pumped laser 
having a harmonic generator. In U.S. Pat. No. 4.809.291. 
Byer describes a diode-pumped solid-state laser which is 
frequency doubled to produce blue light. Byer also discusses 
the same subject in the article “Diode Laser-Pumped Solid 
State Lasers” Science, Vol. 239. p. 745 (1988). In these 
documents there is no mention of a requirement for polar 
ized emission and/or broad absorption lines. 

In contrast to the above mentioned blue-green solid-state 
lasers based on NdzYAG. the uniaxial crystal NdzYVO4 
(neodymium-doped yttrium orthovanadate) has polarized 
emission and strong. wide absorption transitions [Yancy et 
al.. J. Opt. Soc. A111. 66. 1405 (1976)]. Diode laser pumped 
operation of Nd2YVO4 lasing at 1064 nm with intracavity 
SHG to 532 nm utilizing KTP has been demonstrated to be 
more stable and e?icient than NdzYAG based systems [see 
Sasaln' et al.. Optics Lettm's. Vol. 16(21). 1665 (1991) and 
Tatsumo et al.. “Highly Efficient and Stable Green Micro 
laser Consisting of NdzYVQ, with Intracavity KTP for 
Optical Storage.” paper CWQ8. CLEO-92. Anaheim. Calif. 
(May 1992)]. 

Kintz et al. in U.S. Pat. No. 4.942.582 disclose a tech 
nique for generating single frequency output from Nd:YVO4 
based lasers. Additionally. intracavity SHG utilizing KTP is 
claimed but no speci?c wavelengths or transitions are dis 
cussed. This patent speci?cally teaches the use of external. 
separate mirrors for the output coupler which does not 
correlate with the currently described invention. 

Consequently. although in separate references the concept 
of intracavity doubled microlasers and of blue light produc 
tion are recognized as practical. nowhere is there a teaching 
relative to blue microlasers which employ the "F3,2—->“I9,2 
914-nm emission line of NdzYVO4 to produce blue radiation 
at 457 nm via second harmonic generation in BBO or 
KNbO3. Nor is there any recognition that low lasant ion 
concentrations. on the order of less than 2.0%. permit the 
e?icient production of blue light to occur. Additionally. there 
is no requirement or suggestion in the known prior art for 
either polarized emission or broad absorption bands of the 
laser material. 

SUMMARY OF THE INVENTION 

A basic objective of the invention is to provide a minia 
turized composite cavity blue microlaser which operates 
e?iciently at room temperature. This objective is accom 
plished by a laser comprising an active gain medium oom~ 
prising a rare earth doped microlaser crystal which has two 
opposite faces. said gain medium having a polarized emis 
sion at about 900 nm when optically pumped; a nonlinear 
frequency doubling crystal oriented to phase match at about 
900 nm. said crystal having two opposite faces. said gain 
medium and doubling crystal being bonded together to form 
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a composite cavity; and optical pumping means in operative 
relationship with said composite cavity for pumping said 
composite cavity in which frequency-doubling to the blue of 
its fundamental frequency occurs. the output of said com 
posite cavity being polarized. 

Speci?cally. the invention relates to a microlaser device 
which is based upon fundamental laser action on the ‘F3, 
2—->4I9,2 transition in Nd:YVO4 (about 914 nm) or in 
NdzGdVO4 (neodymium-doped gadolinium orthovanadate 
at about 912 nm). or a combination of both. and second 
harmonic generation in BBO (beta barium borate) or KN'bO3 
(potassium niobate) so as to provide a doubled output at 
about 457 nm or about 456 nm. Also. this microlaser device 
achieves a room-temperature 'Iype-I phase match for the 
914-hm line by employing a speci?cally oriented doubling 
crystal such as BBO or KNbO3. 

Important features of the invention include the novel use 
of the vanadates as the lasing crystals. Another aspect is that 
this is uniaxial crystal gain material with polarized emission. 
which provides better properties for frequency doubling. 
Additionally. the vanadate gain material has broad absorp 
tion bands. with attendant advantages for this invention. 

Finally. the invention employs special dichroic coatings 
on the crystals. Speci?cally. these combine low re?ectivity 
at 1064 nm and 1340 nm and high re?ectivity at 914 nm on 
both external crystal faces. The crystal surface facing the 
diode laser pump has low re?ectivity at 809 nm and high 
re?ectivity at 457 nm for the Nd:YVO4 embodiment. 
As an alternative embodiment. when NdzGdVO is 

employed as the lasing crystal. its fundamental ‘Fm->319” 
lasing wavelength is about 912 nm and the doubled wave 
length is about 456 run. As a further alternative. a combi 
nation of NdzYVO4 and Nd:GdVO4 are both used in a 
microlaser con?guration where the NdzYVO4 is the lasing 
medium and the Nd:GdVO4 acts as a spectral ?lter narrow 
ing the e?ective linewidth of the “F3,2—->“I9,2 Nd:YVO4 
emission transition. This embodiment improves laser per 
formance. 

BRIEF DESCRIPTION OF THE DRAWING 

The objects. advantages and features of this invention will 
be more clearly perceived from the following detailed 
description. when read in conjunction with the accompany 
ing drawing. in which: 

FIG. 1 is a schematic line diagram of the composite cavity 
inlracavity doubled blue microlaser of this invention; 

FIG. 2 is a schematic diagram of a composite cavity blue 
microlaser wherein pump radiation is coupled to the device 
through an intermediate focusing lens; 

FIG. 3 is an alternative embodiment similar to FIG. 1 
showing a dielectric spacer employed for coupling the two 
crystals together; 

FIG. 4 shows a conceptual representation of the lasing 
action within the composite crystal cavity; 

FIG. Sis an alternative embodiment of FIG. 3 showing a 
convex input face; 

FIG. 6 is an alternative embodiment of FIG. 3 showing a 
convex output face; 

FIG. 7 is an alternative embodiment of FIG. 1 showing the 
use of two laser materials operating together. one acting as 
the laser material and the second operating as a spectral 
?lter; 

FIG. 8 is an alternative embodiment of FIG. 7 with a 
different placement of the second crystal; 

FIG. 9A represents the “FM-+419,2 emission spectrum of 
a NdzYVQ, crystal; 
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4 
FIG. 9B represents the 4Ig,2—)4F3,2 absorption spectrum 

of a NdzGdVQ, crystal; and 
FIG. 9C is the net "F3,2—>“I9,2 emission spectrum when 

the crystals of FIGS. 9A and 9B are employed together in the 
FIG. 7 or FIG. 8 embodiments. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

While this invention is susceptible of having many dif 
ferent forms. described herein are specific exemplary 
embodiments of the invention. 

Referring now to the drawing. and more particularly to 
FIG. 1 thereof. laser 11 comprises gain medium 12 in the 
form of a thin etalon which is made from a rare earth doped 
crystal material. The etalon is bonded. such as by epoxy 19. 
to nonlinear crystal 16 to form a composite cavity. That 
cavity is optically pumped by source 13. 
A highly suitable optical pumping source consists of at 

least one gallium aluminum arsenide (GaAlAs) laser diode 
which emits light having a wavelength of about 800 nm. 
preferably about 809 nm. and which is attached to a heat 
sinle The heat sink can be passive in character. However. the 
heat sink can also comprise a thermoelectric cooler or other 
temperature regulation means to help maintain the laser 
diode pumping source at a constant temperature and thereby 
ensure optimal operation of a laser diode at a constant 
wavelength. This is only an example of a suitable pumping 
source. 

For ei?cient operation. the pumping radiation emitted by 
optical pumping means or source 13 is desirably matched 
with a suitable absorption band of the lasant material. In 
addition. the diode laser polarization is oriented with respect 
to the crystal axes of the laser medium for maximum 
absorption. The term “thin” as used herein means an etalon 
no more than 2 mm thick. The term “etalon” generally refers 
to a crystal with parallel faces. Since it is not necessary that 
the crystal faces be parallel in every embodiment. the term 
“crystal” will be used in some instances to refer to the 
element more broadly. 

In the preferred embodiment of FIG. 1. gain material 12 
is made from an etalon of neodymium-doped yttrium ortho 
vanadate (Nd:YVO4) and has two opposite. ?at. parallel 
polished faces 14 and 17. It is oriented with respect to 
nonlinear crystal 16. having parallel polished faces 15 and 
18. such that the propagation axis is phase-matched in BBO 
or KNbO3 of blue light wavelength of ~457 nm. The 
distance between exterior faces 14 and 15 ranges between 
about 0.2 mm and 12 mm. At the present time. an element 
12 would not likely function as desired if it were thinner than 
0.1 mm. Frequency doubling crystal 16 would normally be 
about 0.1 to 11.9 mm long with the gain crystal being 0.1 to 
2.0 mm between ?at faces. It is advantageous that the laser 
of this invention employs separate crystals for lasing (gain 
material 12) and for wavelength conversion (doubling crys 
tal 16). 

Preferably. the output facet of semiconductor light source 
13 is placed in butt-coupled relationship to input face 14 
without the use of a focusing means or lens. As used herein. 
“butt-coupled” is de?ned to mean a coupling which is 
sufficiently close such that a divergent beam of optical 
pumping radiation emanating from semiconductor light 
source 13 will optically pump a mode volume Within a lasant 
material with a sul?ciently small transverse cross-sectional 
area so as to support essentially only single transverse mode 
laser operation (i.e.. TEMOO mode operation) in etalon 12. 
Optical pumping radiation is expected to be delivered to the 
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lasant etalon in a direction which is substantially along a 
longitudinal optical path. The result is a miniature all-solid 
state device having a blue output. 

Alternatively. a focusing means or an imaging means can 
be used to image a laser diode array into gain material 22 
which is coupled to nonlinear crystal 26. typically by means 
of epoxy 29. This embodiment is illustrated as laser 21 in 
FIG. 2. An imaging means. such as lens 27. serves to focus 
the output of a single stripe laser diode or diode array 23 into 
input face 24. This focusing results in high pumping inten 
sity and an associated high photon-to-photon conversion 
efficiency in lasant material 22. The focusing means can 
comprise any conventional device such as a gradient index 
(i.e.. GRIN) lens. a ball lens. an aspheric lens. or a combi» 
nation of lenses. 

Face 14 of etalon 12 may be referred to as the input face 
and is the face which is closest to source 13. Face 14 is 
coated with a dielectric for high re?ection (HR) at ~914 nm 
and at ~457 nm. Opposite face 15 is coated with a dielectric 
for high re?ection at ~9l4 nm. the fundamental wavelength. 
and for 1% to 20% anti-re?ection (AR) at the harmonic 
wavelength of ~457 nm. so as to form an output coupler. 
Interior faces 17 and 18 are coated for anti-re?ection at ~914 
nm and ~457 nm. Since it is necessary that the higher gain 
emission of NclzYVO.4 at 1064 nm and 1340 11m be sup 
pressed so as not to compete with emission at 914 nm. it is 
essential that the coatings applied to surfaces 14 and 15 
exhibit low re?ectance at 1064 nm and 1340 nm. The terms 
“high” and “low” re?ection relate to the specific values 
involved. as will be seen in Table 1 below. Wavelengths of 
914 nm and 457 nm are shown to be highly re?ected at faces 
14. 24 and 34. for example. and to be much less re?ected by 
faces 17. 27 and 41. 
The input face of the etalon is also coated for high 

transmission (HT) at the pumping wavelength (about 809 
nm) of source 13 to allow the pumping radiation to reach the 
lasant material which forms the etalon. Faces 24. 25. 27 and 
28 in FIG. 2 are coated similarly. 
The embodiments of FIGS. 1 and 2 employ lasers 11.21 

having separate gain elements (12.22) and frequency dou 
bling media (1626) bonded by materials 19. 29 to form 
monolithic structures. 
The FIG. 3 embodiment is structurally and functionally 

similar to those of FIGS. 1 and 2. Laser 31 includes the 
addition of dielectric spacer 37 between lasing medium 
crystal 32 and doubling crystal 36. As shown here. the spacer 
is annular in shape and creates a small air gap between the 
crystals. That air gap would normally be between 25 and 500 
pm wide. and preferably would be 50-100 pm Wide. Pump 
ing source 33 and exterior end faces 34 and 35 operate the 
same as described for the other embodiments. Faces 41 and 
42 are also coated and their functions are substantially the 
same as the interior faces described above with respect to the 
embodiments of FIGS. 1 and 2. 
By way of further example. certain speci?cations are set 

forth here for enhanced understanding of the invention. They 
are meant to illuminate. and not to limit. the invention. The 
microlaser device would normally exhibit laser action on the 
“Fm-aim2 transition in NdzYVO4 (~9l4 nm). the fre 
quency doubled output being ~457 nm. The doping concen 
tration of neodymium in the crystal is low compared with the 
known prior art. The doping concentration ranges between 
0.3 and 2.0%. depending upon the speci?c crystal lengths. 
The concentration'length product is chosen to maximize the 
e?iciency of the blue laser device. This is an important point 
since the ‘Fm-W90 transition is a quasi-three level system. 

6 
The low doping concentration enables lasing to be achieved 
in the near infrared at ~9 14 nm. Also important is the crystal 
orientation. 
NdzYVO4 is a uniaxial crystal that de?nes a crystalline 

5 structure with three orthogonal axes: two ordinary axes 
(sometimes termed the “a” and “b” axes) that have approxi 
mately identical indices of refraction and an extraordinary 
axis (sometimes termed the “c" axis) that has an index of 
refraction different from that of the ordinary axes. A uniaxial 
crystal is one type of “anisotropic crystal.” a term which 
generally is used to de?ne any crystal structure having 
physical properties such as indices of refraction that differ 
between one or more crystal axes. 

KNbO3 and BBO also de?ne a crystalline structure with 
three orthogonal axes. which are commonly termed the 
“a-axis”. “b-axis” and “c-axis". 

Both IQ~IbO3 and BBQ achieve a room-temperature 
Type-I phase match for the 914-nm line by lasing polarized 
along the c-axis of the NdzYVO4 and orienting the nonlinear 
crystal such that it is polarized in the a-b plane and propa 
gates at ~44° from the b-axis toward the a-axis for KNbO3 
and is polarized along the b-axis and propagates at ~25.7° 
from the c-axis to the a-axis for BBO. 
The re?ectivin'es of the crystal faces are also important. 

These range between 99.5% and 99.95%. the “high" end. for 
the 914-nm line for faces 14.24.34 and 15.25.35. and 
between 0 and 0.25%. the “low” end. for faces 17.18.27. 
28.41 and 42. The re?ectivities for 1064 nm and l340 nm 
range between about 10% and 50%. which are “low" for 
these wavelengths. In this case. “about" means the low end 
is less than 10% and the upper end is less than 50%. This 
re?ectivity arrangement enables the low pumping threshold 
and prevents lasing of the 1064 nm and the 1340 nm 
transitions. 
More speci?cally. Table 1 below gives the re?ectivities in 

percentages for each of the coated faces by wavelength. 
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TABLE 1 

4° REFLFE'ITVI'I'IES 

Faces Faces Faces Faces 
Wavelength 14.24.34 15.25.35 17.27.41 18.28.42 

809 6 
45 914 2999 e999 .5015 §0.25 

1064 <10 <10 
1340 <50 60 
457 >99 1-20 él § 1 

From these values. and from FIGS. l-3. the Conceptual 
Representation of FIG. 4 can be easily understood The 
pumping diode light at 809 nm enters at face 14. causes 
lasing at ~9l4 nmwithin the composite cavity between faces 
14 and 15. The intracavity nonlinear crystal gives rise to 
frequency doubling to »457 nm which. because of the low 
re?ectivity of face 15 for the blue light (which can be as low 
as 1% to as high as 20%). is transmitted from the composite 
cavity as useful blue laser light. 
As mentioned above in the Summary. Nd:YVO4 may be 

replaced by Nd:GdVO4 as lasing crystal gain medium 12 in 
FIG. 1. It may be similarly substituted for the equivalent 
element in FIGS. 2-6. The specific di?erences are re?ected 
in the applicable wavelengths. The Nd2GdVO4 element has 
a fundamental wavelength of ~9l2 nm. a doubled wave 
length of ~456 nm. and the suppressed wavelength is ~l062 
nm. These are the only changes that would be required in 
Table l to make it applicable to the NthGdVO4 embodiment. 
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An interesting and useful further alternative is a blue 
microlaser which combines NdzYVO4 and Nd:GdVO4 ele 
ments with the appropriate nonlinear crystal such that the 
microlaser is formed by three elements. Possible embodi 
ments of this alternative are the structures shown in FIGS. 
7 and 8. 
The relative reference numerals used in FIGS. 1-3 have 

been continued in these ?gures. In FIG. 7 laser 51 comprises 
gain medium 52. preferably Nd:YVO4. The cavity is opti 
cally pumped by source 53. The nonlinear crystal is element 
56. However. in this embodiment. etalon 52 is bonded to 
etalon 57. the NdzGdVO4 element. by suitable bonding 
means 58. This composite gain medium is bonded to crystal 
56 by bonding means 59. 

Similarly. in FIG. 8. gain medium 62 of laser 61 is 
pumped by source 63 and is appropriately secured to crystal 
66 through dielectric spacer 68. At the other end of crystal 
66 is another spacer 69 to which is connected Nd:GdVO4 
element 67. Any face securing means. as previously 
discussed. may be employed. 
Due to the relatively broad ‘?n->419,2 emission centered 

at ~9l4 nm in Nd:YVO4 with a full width at half maximum 
(FWHM) emission bandwidth of ~3.5 am it is often di?icult 
to obtain narrow linewidth laser emission and/or single 
longitudinal mode operation. Ideally a narrow bandwidth 
spectral ?lter could be used inside the laser cavity to 
effectively narrow the emission bandwidth. Glass etalons are 
often used but they tend to be di?icult to implement. Here 
we disclose the use of an intracavity Nd:GdV()4 element as 
a spectral ?lter for the NdzYVO4 laser. This is possible since 
the NdzGdVO4 “I.;,2—>“F3,2 absorption transition is shifted 
by about 2 nm relative to the Nd:YV04 emission transition 
and is centered at about 912 nm with a FWHM of about 2.8 
nm. Thus when the NdzGdVO4 is placed inside a NdzYVQ, 
laser cavity the short wavelength portion of the Nd:YVO4 
“Fm-V139,2 914 nm emission is absorbed by the Nd:GdVO4 
which gives rise to a narrowing of the emission bandwidth. 
By specifying the neodymium concentration in the 
Nd:GdVO4. the absorption of the spectral ?lter can be 
optimized for laser performance. The narrowing of the net 
emission bandwidth allows for a more e?icient SHG process 
in the nonlinear crystal due to the ?nite spectral acceptance 
of the nonlinear crystal. 
The above composite cavity discussion is illustrated in 

FIGS. 9A. 9B and 9C. FIG. 9A shows the ‘Fm-fly: 
emission transition at ~9l4 nm of the NdzYVO4 element 52. 
62 in FIGS. 7 and 8. respectively. The “I9,1.—>“F3,2 absorp 
tion transition at ~912 nm of the Nd:GdVO4 element 57. 67 
is depicted in FIG. 9B. The resulting net “l=';.,,2—>“Ig,2 emis 
sion of Nd:YVO4 with intracavity NdzGdVO4 is shown in 
FIG. 9C. The 914 nm emission is shown as a narrowed peak. 
As a general matter the gain and spectral ?lter crystals are 

preferably less than 2 mm thick. The nonlinear frequency 
doubling crystal would typically be less than ~10 mm long 
from face 18.28.42 to output face 15.25.35. The same is true 
for crystals 56 and 66 in FIGS. 7 and 8. 

While the preferred embodiment calls for both external 
end faces 14 and 15 to be ?at and parallel. that is not 
necessary for functioning of the invention. The input face 
may be convex. as is face 44 in FIG. 5. The output face 45 
(FIG. 6) could be convex. Either face could alternatively be 
concave. In either case the radius of curvature is greater than 
the distances between the faces of the etalon. 

There are several features of the invention which are of 
signi?cance. One is the use of vanadate to produce blue light 
in a thin crystal microlaser. Another is that the gain medium 
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is made of uniaxial crystal having polarized emission. pro~ 
viding better properties for frequency doubling. Still another 
important feature is that the output of the composite cavity 
is polarized. Other operational advantages arise from the fact 
that the gain medium has strong broad absorption bands. 
more than 2 nm FWHM. By way of contrast. a NdzYAG 
crystal has narrow absorption bands. less than 1.5 nm 
FWHM. 
From the foregoing description. it will be observed that 

numerous variations. alternatives and modi?cations will be 
apparent to those skilled in the art. Accordingly. this descrip 
tion is to be construed as illustrative only and is for the 
purpose of teaching those skilled in the art the manner of 
carrying out the invention. Various changes may be made. 
materials substituted and separate features of the invention 
may be utilized. For example. the precise geometric shape of 
lasant material 12 can be varied—crystal 12 can be circular 
or rectangular in shape. If desired. the gain crystal can be 
end-pumped by an optical ?ber. The bonding of one crystal 
to another can be by optical contact. diifusion bonding. or by 
use of index matching ?uid optical epoxies. among others. 
The drawing ?gures are schematic only. intended to show 
element relationships. but not to depict speci?c sizes and 
shapes. Thus. it will be appreciated that various 
modifications. alternatives. and variations may be made 
without departing from the spirit and scope of the invention 
as de?ned in the appended claims. It is. of course. intended 
to cover by the appended claims all such modi?cations 
involved within the scope of the claims. 
What is claimed is: 
1. A laser comprising: 
an active gain medium comprising a rare earth doped 

microlaser crystal which has two opposite faces. said 
gain medium having a polarized emission at about 900 
nm when optically pumped; 

a nonlinear frequency doubling crystal oriented to phase 
match at about 900 nm. said crystal having two oppo 
site faces said gain medium and doubling crystal being 
bonded together to form a composite cavity; and 

optical pumping means in operative relationship with said 
composite cavity for pumping said composite cavity in 
which frequency-doubling to the blue of its fundamen 
tal frequency occurs. the output of said composite 
cavity being polarized. 

2. The laser recited in claim 1. wherein said gain medium 
crystal ranges between 0.1 and 0.6 mm between said faces. 

3. The laser recited in claim 1. wherein said gain medium 
crystal is made from an etalon of neodymium-doped yttrium 
orthovanadate (Nd:YVO4) bonded to a nonlinear frequency 
doubling crystal to form a composite cavity having two 
external opposite. ?at. parallel polished faces which are 
perpendicular to the propagation axis for phase-matched 
generation of blue light wavelength of 457 nm. 

4. The laser recited in claim 1. wherein said optical 
pumping means is closely coupled to said gain medium. 

5. The laser recited in claim 1. wherein said frequency 
doubling crystal is oriented with respect to the polarized 
emission to produce Type-I harmonic generation. 

6. The laser recited in claim 5. wherein said frequency 
doubling crystal is KNbO3 and wherein said microlaser 
achieves a Type-I phase match for the fundamental 914-um 
line by lasing polarized along the c-axis of said gain medium 
and orienting the fundamental such that it is polarized in the 
a-b plane and propagates at ~44° from the b-axis toward the 
a-axis of said frequency doubling crystal. 

7. The laser recited in claim 5. wherein said frequency 
doubling crystal is HBO and wherein said microlaser 
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achieves a Type-I phase match for the fundamental 914-nm 
line by lasing polarized along the c-axis of said gain medium 
and orienting the fundamental such that it is polarized along 
the b-axis and propagates at ~25.7° from the c-axis toward 
the a-axis of said frequency doubling crystal. 

8. The laser recited in claim 1. and further comprising a 
spectral ?lter crystal which. when combined with said gain 
medium crystal. narrows the effective linewidth of said laser 
on ut. 
t{The laser recited in claim 8. wherein said spectral ?lter 

crystal is bonded between said gain medium and said 
frequency doubling crystal. 

10. The laser recited in claim 8. wherein said spectral ?lter 
is bonded to the face of said frequency doubling crystal 
opposite to said gain medium. 

11. A laser comprising: 
an active gain medium microlaser comprising a 
neodymium-doped yttrium orthovanadate (NdzYVOQ 
thin crystal material; 

a nonlinear frequency doubling crystal having two oppo 
site faces said gain medium being bonded to one said 
face of said doubling crystal to form a composite 
cavity; 

optical pumping means in operative relationship with said 
composite cavity to pump said gain medium at its 
fundamental wavelength of ~914 nm which is doubled 
within said cavity to blue light at ~457 nm at room 
temperature. said thin crystal material having a crys 
talline structure having a predetermined orientation 
with respect to the polarization of the optical pumping 
light applied to said gain crystal by said optical pump 
ing means. 

12. The laser recited in claim 11. wherein the neodymium 
doping concentration is 1.5%. 

13. The laser recited in claim 11. wherein said composite 
cavity is formed with two exterior opposite. flat. parallel 
polished faces which are perpendicular to the propagation 
axis for phase matched generation of the blue light. said 
rnicrolaser further comprising: 

a dielectric coating on a ?rst said face adjacent said 
optical pumping means which is highly re?ective at 
~457 nm and at the fundamental of ~9l4 nm; and 

a dielectric coating on the second said face which is 
highly re?ective at the fundamental wavelength and is 
partially transmissive at the blue wavelength. 

14. The laser recited in claim 11. wherein said optical 
pumping means produces optical radiation at about 809 nm. 
said gain medium has a neodymium doping concentration of 
about 1.5%. said frequency doubling crystal is KNb03. said 
rnicrolaser exhibiting a room-temperature Type-I phase 
match for the 9l4-nm line by lasing polarized along the 
c-axis of said gain medium and orienting the fundamental 
such that it is polarized in the a-b plane and propagates at 
~44° from the b-axis toward the a-axis of said frequency 
doubling crystal. 

15. The laser recited in claim 11. wherein said optical 
pumping means produces optical radiation at about 809 am. 
said gain medium has a neodymium doping concentration of 
about 1.5%. said frequency doubling crystal is BBO. said 
microlaser exhibiting a room-temperature Type-I phase 
match for the 914-nm line by lasing polarized along the 
c-axis of said gain medium and orienting the fundamental 
such that it is polarized along the b-axis and propagates at 
~25.7° from the c-axis toward the a-axis of said frequency 
doubling crystal. 

16. The laser recited in claim 11. wherein the output of 
said composite cavity is polarized. 
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17. A method for producing blue light by means of a 

microlaser. said method comprising the steps of : 
selecting an active gain medium comprising a 
neodymium-doped rare earth microlaser crystal having 
two opposite faces the gain medium displaying strong 
broad diode absorption bands and polarized emission at 
~900 nm; 

selecting a nonlinear frequency doubling crystal oriented 
to phase match at 900 nm. the frequency doubling 
crystal having two opposite faces; 

bonding together in facing relationship the gain medium 
crystal and the frequency doubling crystal to form a 
composite cavity; and 

optically pumping the composite cavity at a frequency to 
cause lasing to occur and doubling to the blue within 
the composite cavity. the output of the composite cavity 
being polarized blue laser light. 

18. The method recited in claim 17. wherein the gain 
medium crystal is a uniaxial crystal having polarized emis 
$10!]. 

19. The method recited in claim 17. wherein the micro 
laser operates at room temperature. 

20. The method recited in claim 17. wherein the gain 
medium emits light at ~914 nm which is doubled to the blue 
at ~457 nm. 

21. A frequency-doubled laser comprising: 
an optical cavity for laser radiation. said optical cavity 

de?ning an optical axis; 
a gain medium including an anisotropic neodymium 
doped crystal for generating a substantially polarized 
fundamental laser emission corresponding to the ‘F3, 
2—>4I9,2 laser transition. said crystal de?ning an ordi 
nary axis and an extraordinary axis situated within said 
optical cavity ' in an orthogonal relationship to said 
optical axis so that the polarized fundamental laser 
emission propagates along said optical axis with a 
predetermined polarization aligned parallel to one of 
said ordinary axis and extraordinary axis; 

an optical source situated to pump said gain medium; and 
a nonlinear material situated within said optical cavity for 

frequency doubling said polarized fundamental emis 
sion to generate blue light. 

22. The laser of claim 21. wherein said optical pump 
source comprises a laser diode. 

23. The laser of claim 21. wherein said anisotropic crystal 
comprises a uniaxial gain crystal having an ordinary axis 
oriented in alignment with said optical axis. 

24. The laser of claim 23. wherein said gain medium is 
selected from the group comprising NclzYVO4 and 
NdzGdVO... 

25. The laser of claim 23. wherein said gain medium has 
a neodymium dopant concentration ranging between about 
0.3% and about 2.0%. 

26. The laser of claim 21. and further comprising means 
for longitudinally pumping said gain medium with said 
optical source. 

27. The laser of claim 21. wherein said nonlinear material 
comprises a nonlinear crystal oriented to frequency double 
said fundamental laser emission. 

28. The laser of claim 27. wherein said nonlinear crystal 
comprises KNbO3. 

29. The laser of claim 28. wherein said nonlinear crystal 
de?nes three orthogonal axes including an a-axis. a b-axis. 
and a c-axis. and said nonlinear crystal is situated for 'lype-I 
phase matching by orienting said fundamental laser emis 
sion to propagate at approximately 44° from the b-axis 
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toward the a-axis. and with the polarization of said funda 
mental laser emission aligned with the a-b plane of said 
nonlinear crystal. 

30. The laser of claim 27. wherein said nonlinear crystal 
comprises BBQ. 

31. The laser of claim 30. wherein said nonlinear crystal 
de?nes three orthogonal axes including an a-axis. a b-axis. 
and a c-axis. and said nonlinear crystal is situated for Type-I 
phase matching by orienting said fundamental laser emis 
sion to propagate at approximately 25.7° from the c-axis 
toward the a-axis. and with the polarization of said funda 
mental laser emission aligned with the b-axis of said non 
linear crystal. 

32. The laser of claim 21. wherein said gain medium has 
a length along the optical axis within a range between about 
0.1 and about 2.0 mm. 

33. The laser of claim 21. and further comprising a 
spectral ?lter situated within the optical cavity for narrowing 
the linewidth of said fundamental laser emission. 

34. The laser of claim 33. wherein said spectral ?lter 
comprises NdzGdVO... 

35. A frequency-doubled laser comprising: 
an optical cavity for laser radiation. said optical cavity 

de?ning an optical axis; 
a gain medium including a uniaxial neodymium-doped 

crystal selected from the group comprising Nd:YVO4 
and Nd:GdVO4. for generating a substantially polar 
ized fundamental laser emission corresponding to the 
4F3,2—>"I,;,,2 laser transition. said crystal de?ning a ?rst 
and a second ordinary axis and an extraordinary axis. 
said crystal situated within said optical cavity in a 
relationship to said optical axis so that said polarized 
fundamental laser emission propagates along said ?rst 
ordinary axis with a predetermined polarization aligned 
with one of said second ordinary axis and said extraor 
dinary axis; 

a laser diode for optically pumping said gain medium; and 
a nonlinear crystal situated within said optical cavity to 

double said polarized fundamental laser emission to 
generate blue light. 

36. The laser of claim 35. wherein said fundamental laser 
emission has a wavelength of about 914 mm and said blue 
light has a wavelength of about 457 nm. 

37. The laser of claim 35. wherein said gain medium has 
a neodymium dopant concentration ranging between about 
0.3% and about 2.0%. 

38. The laser of claim 35. wherein said nonlinear crystal 
is oriented to generate blue light having a predetermined 
polarization. 

39. The laser of claim 35 . and further comprising means 
for longitudinally pumping said gain medium with the 
optical radiation from said laser diode. 

40. The laser of claim 35. wherein said nonlinear crystal 
is oriented for Type I phase matching. 

41. The laser of claim 35. wherein said nonlinear crystal 
comprises KNbO3. and wherein said nonlinear crystal 
de?nes three orthogonal axes including an a-axis. a b-axis. 
and a c-axis. and said nonlinear crystal is situated for Type-I 
phase matching by orienting said fundamental laser emis 
sion to propagate at approximately 44° from the b-axis 
toward the a-axis. and with the polarization of said funda 
mental laser emission aligned with the a-b plane of said 
nonlinear crystal. 

42. The laser of claim 35. wherein said nonlinear crystal 
comprises BBO. and wherein said nonlinear crystal de?nes 
three orthogonal axes including an a-axis. a b-axis. and a 
c-axis. and said nonlinear crystal is situated for Type-I phase 
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matching by orienting said fundamental laser emission at 
approximately 25.7° from the c-axis toward the a-axis. and 
with the polarization of said fundamental laser emission 
aligned with the b-axis. 

43. The laser of claim 35. wherein said gain medium has 
two opposite faces having a distance therebetween within a 
range between about 0.1 and about 2.0 mm. 

44. The laser of claim 43. wherein said gain medium and 
said nonlinear crystal are bonded together to form a com 
posite cavity. 

45. The laser of claim 35. and further comprising a 
spectral ?lter situated within said optical cavity for narrow 
ing the linewidth of said fundamental laser emission. 

46. The laser of claim 45. wherein said spectral ?lter 
comprises an etalon. 

47. The laser of claim 45. wherein said spectral ?lter 
comprises Nd:GdVO4. 

48. A method for producing blue light in a laser having an 
optical cavity that defines an optical axis. said method 
comprising the steps of: 

optically pumping an anisotropic neodymium-doped gain 
crystal; 

generating a polarized fundamental laser emission in said 
gain crystal corresponding to the ‘Fm-+4190 laser 
transition. said gain crystal de?ning an ordinary axis 
and an extraordinary axis situated within said optical 
cavity in an orthogonal relationship to the optical axis 
so that the polarized fundamental laser emission propa 
gates along the optical axis with a predetermined 
polarization aligned parallel with one of said ordinary 
and extraordinary axes; and frequency doubling said 
polarized fundamental laser emission within said opti 
cal cavity in a nonlinear material to produce a 
frequency-doubled output. 

49. The method of claim 48. wherein said pumping step 
comprises the step of longitudinally pumping said gain 
material. 

50. The method of claim 49. wherein said pumping step 
includes focusing said optical radiation into said gain crystal 
along a longitudinal direction. 

51. The method of claim 48. wherein said pumping step 
comprises operating a laser diode. 

52. The method of claim 51. and further comprising the 
step of cooling said laser diode. 

53. The method of claim 48. wherein said anisotropic 
crystal comprises a uniaxial gain crystal that de?nes a 
second ordinary axis. and said polarized fundamental lasa 
emission is generated in alignment with said second ordi 
nary axis. 

54. The method of claim 53. wherein said gain crystal 
comprises NdzYVO... said fundamental laser emission is 
generated at approximately 914 nm. and said frequency 
doubling step includes generating blue light at approxi 
mately 457 nm. 

55. The method of claim 53. wherein said frequency 
doubling step includes generating blue light having a pre 
determined polarization. 

56. The method of claim 48. wherein said nonlinear 
material comprises a nonlinear crystal for frequency dou 
bling. 

57. The method of claim 56. further comprising the step 
of Type I phase matching. 

58. The method of claim 56. wherein said nonlinear 
crystal comprises KNbO3. which de?nes three orthogonal 
axes including an a-axis. a b-axis. and a c-axis. and further 
comprising the step of Type-I phase matching by orienting 
the fundamental laser emission to propagate at approxi 



5.751.751 
13 

mately 44° from the b-axis toward the a-axis. and with the 
polarization of the fundamental laser emission aligned with 
the a-b plane of the nonlinear crystal. 

59. The method of claim 56. wherein said nonlinear 
crystal comprises BBO. which de?nes three orthogonal axes 
including an a-axis. a b-axis. and a c-axis. and further 
comprising the step of Type-I phase matching by orienting 
the fundamental laser emission at approximately 25.7° from 
the c-axis toward the a-axis. and with the polarization of the 
fundamental laser emission aligned with the b-axis. 

60. The method of claim 48. and further comprising the 
step of narrowing the linewidth of said fundamental laser 
emission by use of a spectral ?lter situated within the optical 
cavity. 

61. The method of claim 60. wherein said intracavity 
spectral ?lter comprises Nd:GdVO4. 

62. A frequency-doubled laser comprising: 
optical cavity means for providing a laser resonator. said 

optical cavity means de?ning an optical axis; 
a gain medium including an anisotropic neodymium 
doped gain crystal situated in said optical cavity means; 

pumping means for optically pumping said anisotropic 
neodymium-doped gain crystal with optical radiation; 

means for generating a polarized fundamental laser emis 
sion in said optical cavity means using said gain crystal. 
said fundamental laser emission corresponding to the 
4F3,2—>“I.;,,2 laser transition. said gain crystal de?ning 
an ordinary axis and an extraordinary axis situated 
within said optical cavity means in an orthogonal 
relationship to said optical axis so that said polarized 
fundamental laser emission propagates along said opti 
cal axis with a predetermined polarization aligned 
parallel to one of said ordinary and extraordinary axes; 
and 

means for frequency doubling said polarized fundamental 
laser emission within said optical cavity in a nonlinear 
material to produce a frequency-doubled output. 

63. The laser of claim 62. wherein said pumping means 
comprises a laser diode. 

64. The laser of claim 63. wherein said pumping means 
further includes means for longitudinally pumping said gain 
crystal. 

65. The laser of claim 64. wherein said optical cavity 
means includes an input face of said gain crystal that is 
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coated for high re?ection at said fundamental laser emission 
and high transmission for said optical pumping radiation. 

66. The laser of claim 64. wherein said longitudinal 
pumping means comprises means for focusing optical radia 
tion into said gain crystal. 

67. The laser of claim 63. and further comprising means 
for cooling said laser diode. 

68. The laser of claim 62. wherein said anisotropic gain 
crystal comprises a uniaxial gain crystal that de?nes a 
second ordinary axis situated so that said polarized funda 
mental laser emission propagates along said second ordinary 
axis. 

69. The laser of claim 68. wherein said gain crystal has a 
neodymium dopant concentration ranging between about 
0.3% and about 2.0%. 

70. The laser of claim 62. wherein said frequency 
doubling means comprises a nonlinear crystal. 

71. The laser of claim 70. wherein said optical cavity 
means includes an exterior face of said nonlinear crystal 
coated for high re?ection at said fundamental laser emission. 

72. The laser of claim 70. wherein said nonlinear material 
comprises KNbO3. which de?nes three orthogonal axes 
including an a-axis. a b-axis. and a c-axis. and said 
frequency-doubling means includes means for 'lype-I phase 
matching in said nonlinear material by orienting said fun 
damental laser emission to propagate at approximately 44° 
from the b-axis toward the a-axis. and with the polarization 
of said fundamental laser emission aligned with the a-b 
plane of said nonlinear material. 

73. The laser of claim 70. wherein said nonlinear material 
comprises BBO. which de?nes three orthogonal axes includ 
ing an a-axis. a b-axis. and a c-axis. and said frequency 
doubling means includes means for Type-I phase matching 
by orienting said fundamental laser emission at approxi 
mately 25.7° from the c—axis toward the a-axis. and with the 
polarization of said fundamental laser emission aligned with 
the b-axis of said nonlinear material. 

74. The laser of claim 62. and further comprising intra 
cavity ?ltering means for narrowing the linewidth of said 
fundamental laser emission within said optical cavity. 

75. The laser of claim 74. wherein said intracavity ?lter 
means comprises an etalon. 

76. The laser of claim 74. wherein said intracavity ?lter 
ing means comprises NdzGdVO... 
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